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Abstract: We explore and contrast the capabilities of future colliders to probe the nature
of the electro-weak phase transition. We focus on the real singlet scalar field extension of the
Standard Model, representing the most minimal, yet most elusive, framework that can enable
a strong first-order electro-weak phase transition. By taking into account the theoretical
uncertainties and employing the powerful complementarity between gauge and Higgs boson
pair channels in the searches for new scalar particles, we find that a even though a 27 TeV
proton collider can probe a large fraction of the parameter space, it will not conclusively
discover nor exclude its totality. On the other hand, a 100 TeV proton collider can confirm or
falsify a strong first-order transition, relatively early in its lifetime. Such an early discovery
would allow for precise measurements of the new phenomena to be obtained and would pave
the way to definitively verify whether this is indeed the physical remnant of a scalar field that
catalyses a strong first-order transition.
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1 Introduction
One of the biggest scientific questions that could be answered by the largest next-generation ex-
periments is “What was the nature of the cosmological electro-weak phase transition (EWPT)?”
[1–3]. If the EWPT were strongly first order, a property that we shall discuss below in detail,
signatures would potentially be detectable at space-based gravitational wave observatories
such as LISA [2] or Decigo [4], whose sensitivities peak at the millihertz to the decihertz
range, which corresponds to a phase transition occurring at the electro-weak scale [5, 6].1
The Standard Model of particle physics (SM) by itself predicts the electro-weak transition
to be a smooth crossover [11]. Therefore, a strong first-order electro-weak phase transition
(SFO-EWPT) dictates physics beyond the SM. Although the nature of the EWPT is an
interesting inquiry in itself, the requirement of new physics that enable it can also provide the
right conditions to explain the baryon asymmetry of the Universe [12, 13]. Next-generation
collider experiments are expected to dramatically increase sensitivity to states that interact
with the electro-weak sector, making such new phenomena a prime target.
To design a collider that can answer both quantitative and qualitative questions about the
nature of the EWPT, it is imperative to address the fact that there exists a multitude of models
that can catalyse a SFO-EWPT [9, 14–23]. Keeping to models that are reasonably minimal,
the real singlet scalar field extension of the SM is an ideal test case, as it has no direct gauge
interactions, making detection at a collider significantly challenging. Therefore, a collider
powerful enough to falsify or confirm the relevant parameter space of this model would also be
powerful enough to make a qualitative statement about the cosmological EWPT [1, 24, 25].
To answer such a question, one has to confront the breakdown of conventional techniques
the analysis of the EWPT [26]. In particular, the scale dependence and gauge dependence
of thermal parameters, including the actual strength of a phase transition, can potentially
1Some models can predict signals at higher or lower frequencies, relevant to pulsar timing arrays [7, 8] and
ground-based experiments like the Einstein Telescope, respectively [9, 10].
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Figure 1: The fraction of points not excluded (left) and not discovered (right) at a given
integrated luminosity, L, over those that are currently viable at 100 TeV proton collider
(dashed lines) and a 27 TeV proton collider (solid lines) for each of the categories defined
in this article. The "Centrist" and "Loose" categories encapsulate the regions of parameter
space that contain moderate theoretical uncertainties, whereas for the "Liberal" categories,
larger theoretical uncertainties are allowed. The "Conservative" region, with the smallest
theoretical uncertainties, is not shown on its own since it will be discovered very early on
in both experiments (L < 100 fb−1). The categorisation of the parameter-space points is
defined in section 3.3. We note that the survival fractions here include the categories with
lower theoretical uncertainty: e.g. the "Liberal" survival curve contains the "Centrist" and
"Conservative" points.
Target L for SFO-EWPT exclusion (discovery)
Theory uncertainty tolerance pp@27 GeV pp@100 TeV
Large > 30 ab−1 (> 30 ab−1) 200 fb −1(5 ab−1)
Moderate > 30 ab−1 (> 30 ab−1) 200 fb −1 (5 ab−1)
Low < 100 fb −1(< 100 fb −1) < 100 fb −1(< 100 fb −1)
Table 1: The integrated luminosity L, needed to achieve a 2(5) σ exclusion (discovery) for the
various approaches to the theoretical uncertainty, derived from our first type of parameter-
space categorisation (see section 3.3). Large theoretical uncertainty tolerance includes all
parameter-space categories, moderate includes only the "Conservative" and "Centrist" cate-
gories, whereas low contains only the "Conservative" category.
result in theoretical uncertainties large enough to qualitatively alter conclusions derived using
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such techniques. Here, we strive to include the theoretical uncertainties when approaching the
question of what collider specifications are needed to uncover the nature of the EWPT. The
dramatic nature of these uncertainties was recently discussed in detail in context of the SM
effective field theory [26]. The problems discussed in ref. [26] are even further accentuated if
the theory catalysing the EWPT involves large couplings and scale hierarchies.
The prospective high-energy upgrade of the Large Hadron Collider (HE-LHC) and the
Future Circular Collider (FCC) at proton centre-of-mass energies of 27 TeV and 100 TeV,
respectively, are the focus of our studies. As a preview, we summarise the main results of the
present paper in fig. 1 and in table 1, where we show how the target collider luminosity depends
greatly on the theoretical uncertainties, the varying degree of which is represented by the
different categories of SFO-EWPT scenarios that we considered: the "Centrist" parameter-
space region allows for smaller uncertainty than the "Liberal" (or "Loose") regions. Two
further categories, allowing even smaller uncertainties, dubbed "Conservative" or "Tight", do
not appear in fig. 1 as they would be excluded or discovered very early on (L < 100 fb−1).
To draw the above conclusions, multiple detection channels of the new scalar resonance that
appears in the real singlet model need to be considered. Specifically, parameter-space points
that are difficult to detect in decays of the new scalar to two SM-like Higgs bosons, become
easier to detect in its decays to vector bosons. Thus far in hadron collider analyses of the real
singlet extension of the SM, the latter channels have been mostly neglected.2 We find that
including decays to vector bosons dramatically improves the reach of a collider. Finally, we
note that the theoretical uncertainty appears to grow with the mass of the new scalar particle.
This leads to the surprising observation that there appears to be no upper limit to the mass
of the new scalar that can catalyse a SFO-EWPT.
The paper is organised so as to summarise our methods and key results in its main por-
tion, while deferring several technical aspects of interest to appendices. The structure is as
follows: in section 2 we outline the model that forms the focus of our investigations, the real
singlet scalar field extension of the SM. As a complement, appendix A provides further details
on the features of the model. In section 3 we describe the method that we employ to calculate
the order of the electro-weak phase transition, including the treatment of theoretical uncer-
tainties that leads to our phase-space segmentation into categories which encapsulate varying
degrees of theoretical uncertainties. Appendix B provides details on the form of the one-loop
potential. In section 4 we provide a summary of the collider information that we employ in
our phenomenological analysis, deferring a host of detailed information to appendices C, D, E
and F, where we discuss current collider constraints, high-luminosity LHC prospects, electron-
positron collider constraints and future hadron collider analyses, respectively. We present the
phenomenological results, obtained for a 100 TeV and a 27 TeV collider in section 5. There,
we also give a selection of benchmark points along with relevant observables. In addition,
in appendix G we briefly discuss results originating from the alternative parameter-space
2We note, however, that they have been considered in the context of the CLIC e+e− collider in ref. [27]
and discussed in qualitative terms in ref. [28].
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parametrisation and in appendix H we study the degree of fine tuning present in the model.
We provide our conclusions and outlook in section 6.
2 Standard model augmented with a real singlet scalar field
We focus on the SM extended by a real singlet scalar field. Then, the most general form of
the scalar potential that depends on the Higgs doublet, H, and a gauge-singlet scalar, S, is
given by (see, e.g. [24, 29–35]):
V (H,S) = µ2(H†H) +
1
2
λ(H†H)2 +K1(H†H)S (2.1)
+
K2
2
(H†H)S2 +
M2S
2
S2 +
κ
3
S3 +
λS
2
S4 ,
where the interactions proportional to K1,2 constitute the Higgs “portal” that links the SM
with the singlet scalar. Note that we do not impose a Z2 symmetry that would preclude terms
of odd powers of S. Such terms are often key in catalysing a tree-level barrier between the
electro-weak symmetric and broken phases, thus resulting in a stronger transition.
After electro-weak symmetry breaking (EWSB) occurs, the Higgs doublet and the singlet
scalar fields both attain vacuum expectation values (vevs) v0 and x0, respectively. To obtain
the physical states, we expand about these: H → (v0 + h)/
√
2, with v0 ' 246 GeV and
S → x0 + s. Inevitably, the two states h and s mix through both the Higgs portal parameters
K1 and K2 as well as the singlet vev and hence they do not represent mass eigenstates.
Therefore, upon diagonalising the mass matrix one obtains two eigenstates,
h1 = h cos θ + s sin θ , (2.2)
h2 = −h sin θ + s cos θ .
where θ is a mixing angle that can be expressed in terms of the parameters of the model. For
θ ∼ 0, h1 ∼ h and h2 ∼ s. We will identify the eigenstate h1 with the state observed at the
LHC, and hence set m1 = 125.1 GeV. We will only consider m2 > m1 here.3.
All the couplings of h1,2 to the rest of the SM states are simply obtained by rescaling by:
gh1XX = g
SM
hXX cos θ , gh2XX = −gSMhXX sin θ , (2.3)
with XX any SM final state. This allows for constraints to be imposed on θ through the
measurements of Higgs boson signal strengths.
We discuss the decay modes of the h2 boson within the context of our study in detail in
appendix A. Here, we wish emphasise the complementarity between the decay modes h2 →
h1h1 and h2 → V V (V = Z,W ), exemplified by fig. 2, where the branching ratio of BR(h2 →
h1h1) is plotted against BR(h2 → ZZ), over the parameter-space points of the present study
3The case m2 < m1 in the context of SFO-EWPT in the real singlet extension of the SM was investigated
in ref. [36]
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Figure 2: The branching ratio BR(h2 → h1h1) plotted against BR(h2 → ZZ), over the
parameter-space points of the present study for the various categorisations (see section 3.3).
Only points that pass the current constraints ( ) or the HL-LHC constraints plus future signal
strength (| sin θ| < 0.1) constraints (N) are shown.
(see section 3.3 for their definitions). From fig 2, it also becomes clear that since the h2 → ZZ
decay (and hence h2 → W+W−) never becomes less frequent than O(few %), it is expected
to be overall a more powerful probe of the parameter space than h2 → h1h1, which can indeed
attain very small BR values, down to O(10−8). We also note that there are exist viable
parameter-space points with m2 < 2m1, where h1h1 production is not kinematically allowed.
In appendix A we show an alternative view of the complementarity between the h1h1 and ZZ
final states, through the ratio of BR(h2 → h1h1)/BR(h2 → ZZ) versus the mass of h2, in the
bottom-right panel of fig. 9.
3 Calculating the order of the phase transition
Perturbative methods of treating the effective potential at finite temperature suffer from both
gauge [37] and scale dependence [38]. The scale dependence arises due to Linde’s infamous
infrared problem – perturbativity breaks down during the phase transition as the expansion
parameter is not the actual coupling but the coupling multiplied by the mode occupation
instead: gnB ∼ gT/m (where T is the temperature, nB is the mode occupation, m is a
mass and g is some coupling), which clearly diverges for m→ 0. The scale dependence is the
dominant theoretical uncertainty if one keeps within the perturbative region of the theory [26].
A partial solution to the scale dependence is to perform a resummation of the masses. Doing
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so makes the uncertainty in the critical temperature of the SM effective theory non-trivial
but manageable, in contrast to the uncertainty in the gravitational wave amplitude generated
from a first-order transition which is at the multi-order of magnitude level [26]. In the present
paper we consider bosons that couple to the SM with potentially large couplings - in fact past
papers that studied the EWPT, considered portal couplings of K2 ∼ O(101) [24]. For that
reason we expect the theoretical uncertainties even in the strength of the phase transition to
be very large.
The gauge dependence can be avoided via an expansion in the Planck constant, ~, instead
of the usual loop expansion, but unless one expands to second order in ~, the scale dependence
is unmanageable [39].4 Going to two loops is cumbersome and we will not pursue it here.
Another solution is to integrate out the heavy "Matsubara" modes, which results in a theory
that is effectively three-dimensional [41–53]. The dimensionally-reduced theory is manifestly
gauge-invariant and includes all-orders of resummation, resulting in a substantial reduction
in the uncertainties [26]. For the SM extended by a real singlet scalar field, there can be two
light dynamical modes, rendering the analysis a theoretical challenge that we leave to future
work.
Here we advocate to analyse the electro-weak phase diagram within a given model via
an approach that balances convenience, while limiting theoretical uncertainties. Given that
we are interested in assessing the order of the phase transition and not gravitational wave
phenomenology, the uncertainties are often large but nonetheless manageable5 in the usual
four-dimensional perturbative calculation, where the gauge and scale dependence are treated
as theoretical uncertainties.
To assess the question whether a collider rules out a SFO-EWPT, we consider the maxi-
mum value of the order parameter, requiring
Max
(
∆h
TC
)
> 1 , (3.1)
for a given parameter point with physical quantities matched at the Z pole and with the
renormalisation scale and gauge parameters varied. In the above, TC is the critical temperature
at which the theory has a degenerate ground state and ∆h is the difference in the Higgs field
between the two vacua at the critical temperature. By contrast, to assess the discovery
prospects we instead look at the minimum value, requiring
Min
(
∆h
TC
)
> 1 , (3.2)
when varying over the same range of the scale and gauge parameters.
4It should be noted that the running of the couplings was not included in ref. [39] and the true scale
dependence in this prescription is not yet known, though it is suspected to be worse than the "Arnold-Espinosa"
method [40] due to the lack of resummation at the first order.
5This statement appears to break down for a singlet heavier than ∼ 2 TeV as we will discuss later.
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3.1 Gauge and scale dependence
To capture the theoretical uncertainties coming from the gauge dependence, we construct the
effective potential in the general covariant gauge (also known as Fermi gauges) rather than
the usual Rξ gauge [54]. The motivation behind this is that the Rξ gauge is not appropriate
to use when the minimum of the effective potential evolves [55, 56]. To construct the potential
we follow the techniques of ref. [54].
The potential at one loop in the covariant gauge is given by
V1−loop = Vtr(h, s,Q) + VCW(h, s,Q, ξW , ξB) + VT (h, s,Q, ξW , ξB) , (3.3)
where Vtr is the tree-level potential, VCW the Coleman-Weinberg (CW) term, VT the thermal
term, Q is the renormalisation scale and the ξi (i = W,B) are the gauge parameters. The rest
of the details of the effective potential at finite temperature in the covariant gauge are given
in appendix B.
To minimise scale dependence, we use "Arnold-Espinosa" resummation [40] of the masses
and allow all parameters in the effective potential to run. We use the program SARAH [57] to
derive the one-loop renormalisation group equations (RGEs) and we vary the RGE scale, Q,
that defines the coupling and the CW potential, by an order of magnitude: mZ/2 < Q <
mZ × 5, where mZ is the Z boson mass.
3.2 Numerical calculation of the phase transition
PhaseTracer is a publicly-available C++ package [58] that traces the thermal evolution of the
effective potential using the algorithm developed in ref. [59]. It was designed to be robust,6
with an improved treatment of thermal functions [60] and discrete symmetries.
We have developed a module for PhaseTracer for the real scalar singlet extension of the
SM in the covariant gauge with "Arnold Espinosa" resummation of thermal masses. Since
the choice of gauge only enters the effective potential through the field-dependent masses, the
covariant gauge can be readily implemented in PhaseTracer by simply providing expressions
for these. We can then treat the gauge parameters as inputs we vary.
The requirement that we have a SFO-EWPT typically requires large portal couplings,
which implies that the unphysical scale dependence at one loop can become quite large, even
at zero temperature. This, in addition to the unphysical gauge dependence of the minimum
calculated at one loop, motivates a generous tolerance for the zero-temperature vev value
of the Higgs field. In particular, if we wish to claim that a certain collider can exclude the
possibility of the cosmological phase transition being strongly first order, we choose to be
liberal and not too aggressive in excluding points could be potential candidates. We discuss
our analysis of the phase structure in detail in the next sub-section.
– 7 –
Parameter Range
λs [10
−4, 1]
K1 [−2000, 0] GeV
K2 [0, 4]
MS [−2000, 2000] GeV
κ −[1500, 1500] GeV
Table 2: The range of parameters used in our scans of the parameter space of the real singlet
scalar extension of the SM.
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Figure 3: The maximum value of ρmax = φC/TC over the set of eight scale/gauge variations
for each of the parameter-space points against the mass of h2, m2. Only points that pass the
current constraints ( ) or the HL-LHC constraints plus future signal strength (| sin θ| < 0.1)
constraints are shown (N) are shown.
3.3 Parameter-space categorisation
To derive parameter-space points that satisfy SFO-EWPT, we perform random scans over
the five free parameters in the potential. We generate points with viable zero-temperature
phenomenology, leaving a large leeway for theoretical uncertainties. Table 2 presents our scan
range, which was performed for O(106) points. Note that we impose a cutoff on dimensionful
6We find very few points that cause a time out. These points are rare and we simply be analyse them by
re-running the program.
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parameters, at around 2 TeV, as well as on the dimensionless portal coupling K2, in order to
lie well below the perturbativity bound. This is because the theoretical uncertainties become
unmanageable for larger couplings and large scale hierarchies. We create a set of eight points
for each parameter point with {µ, ξW,Z} ∈ {(mZ/2,mZ , 2mZ , 5mZ), (0, 3)}. We require the
Higgs boson mass to be exactly 125.1 GeV at µ = mZ , ξ = 0 and we impose a restriction on
the one-loop value of the sine of the mixing angle: | sin θ| < 0.25. The points are individually
passed to PhaseTracer for further processing. PhaseTracer calculates the phases and the
transitions between them. The transitions are classified according to the value of ρ = φC/TC ,
where φC is the Higgs field vev and TC is the critical temperature. If there exist phase
transitions with7 Tc > 30 GeV and ρ > 1, and no other transitions with ρ ∈ [0.1, 1.0]8 with
higher Tc than the ρ > 1.0 transition, then we label a point as satisfying the "SFO condition".
Additionally, the maximum value of ρ, ρmax, is kept for each of the eight scale/gauge variations.
Furthermore, if for an individual point there exists a Higgs field vev within v0 = 246±30 GeV,
that also corresponds to a transition to the absolute (i.e. deepest) minimum of the potential,
we label it as satisfying the "first type of vev condition". The points that satisfy the "SFO
condition" are considered for additional post-processing. We also save the value of the Higgs
field vev at the deepest minimum for each of these points. During the post-processing of the
points, we also consider an additional property, pertaining to the group of eight scale/gauge
variations: if at least one point has for the deepest minimum v0 < 246 GeV and another has
for the deepest minimum v0 > 246 GeV, we label it as satisfying the "second type of vev
condition". We use these conditions to categorise the points. To best take into account the
theoretical uncertainties, we consider two types of classification. The first type of classification
separates points into:
• Conservative points: all eight of them have to satisfy SFO and at least one point has to
satisfy the first type of vev condition.
• Centrist points: at least one point within the eight satisfying SFO and first type of vev
conditions simultaneously. Conservative points are excluded from this category.
• Liberal points: at least one point within the eight satisfies SFO and any other satisfies
the first type of vev conditions. Centrist and Conservative points are excluded from this
category.
The second classification separates points into two mutually-exclusive categories:
• Tight points: all eight of them have to satisfy SFO and group has to satisfy the second
type of vev condition.
7This condition is to limit the cases where the tunneling rate is too slow for the phase transition to complete.
We leave an analysis of the tunneling to future work. For now the reader is referred to refs. [16, 61] for further
discussion on this topic.
8The choice of a 0.1 here rather than zero is because PhaseTracer can on occasion find small transitions
that do not appear to be 2nd order transitions, but appear to be spurious. PhaseTracer gives information on
the minimum a lot lower than the critical temperature, such a minimum is expected to be large for a genuinely
second order transition.
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• Loose points: at least one point within the eight satisfying SFO and group has to satisfy
the second type of vev condition.
In the main part of the article we show results for the first type of classification (GWAP-
Cons, GWAPCentr and GWAPLib as defined above, respectively), with a selection of results
for the second type (GWAPTight, GWAPLoose, respectively) shown in Appendix G. Our re-
sults show that the "Centrist" and "Loose" categories behave in a similar fashion, whereas the
"Liberal" category of the first classification has no correspondence in the second and allows
for larger theoretical uncertainties.
We show the resulting maximum value of ρmax over the eight scale and gauge variations
for each of the parameter-space points in fig. 3. Only points that pass the current constraints
( ) or the HL-LHC constraints plus future signal strength (| sin θ| < 0.1) constraints (N) are
shown, see the next section and the relevant appendices for a clarification of these conditions.
Remarkably, a scalar field that is heavier that 2 TeV is part of the potentially-viable parameter
space. A more advanced treatment of the phase transition is needed to determine how heavy a
state can be and still catalyse a SFO-EWPT.We emphasise that, in all of the phenomenological
studies that follow, we employ the "central" parameter-space point in the group, i.e. with
{µ, ξW,Z} = {mZ , 0}, irrespective of whether it satisfies the above conditions.
4 Summary of collider constraints
There exist several categories of collider constraints that affect the parameter space of the real
singlet extension of the SM. These come through direct searches for heavy scalar resonances,
Higgs boson signal strength measurements and electro-weak precision observables. To assess
the potential of future colliders for exclusion or discovery of the real singlet model in the
context of a SFO-EWPT, at the end of the lifetime of the high-luminosity run of the LHC
(HL-LHC), we consider the most up-to-date collider constraints coming from these categories.
To impose current constraints coming from heavy Higgs boson searches and Higgs boson
measurements, we employ the HiggsBounds [62–65] and HiggsSignals [66–68] packages. In
addition, we consider constraints coming from resonant Higgs boson pair production, h2 →
h1h1 and also incorporate the latest 13 TeV ATLAS and CMS SM-like Higgs boson global
signal strengths, µ = σmeasured/σSM, that are currently not included in HiggsSignals. Further
details on these can be found in Appendix C.
For the HL-LHC, we consider the prospects for the Higgs boson signal strength measure-
ment, as well as various analyses assessing the heavy Higgs boson prospects of the HL-LHC in
final states originating from h2 → h1h1, h2 → ZZ and h2 →W+W−. We combine these with
extrapolations of results from 13 TeV where appropriate. For further details, see Appendix D.
Electro-weak precision observables (EWPO) coming from LEP and future lepton collid-
ers, such as the International Linear Collider (ILC) can also probe the effects of new scalar
particles. To consider these, we follow the treatment of refs. [16, 24, 25]. We found these to be
generally weaker than either the direct heavy Higgs boson searches or the Higgs signal strength
– 10 –
measurements, and we defer the detailed description and results to Appendix E. There, we
also discuss phenomenological results obtained for the Compact Linear Collider (CLIC) [27],
which we briefly contrast to the hadron collider results.
To derive the prospects of future hadron colliders to either discover or rule out the real sin-
glet extension of the SM in regards to SFO-EWPT, we have constructed detailed phenomeno-
logical analyses at the Monte Carlo level, considering the processes h2 → h1h1, h2 → ZZ
and h2 → W+W− at a 100 TeV proton collider in the mass range m2 ∈ [200, 2000] GeV.
These were inspired by current LHC analyses, with appropriate modifications at 100 TeV.
To obtain the HE-LHC constraints we have performed a conservative extrapolation of the
100 TeV results down to 27 TeV. These phenomenological analyses and the associated results
are discussed in detail in Appendix F.
To estimate the future colliders constraints on the mixing angle through signal strength
measurements, we note the several signal strength and coupling measurement projections for
various channels that are found in ref. [69]. These point towards a O(1%) uncertainty or
better at electron-positron colliders and at a 100 TeV proton collider. In the absence of a
full signal strength combination at these colliders, to remain conservative, we will assume the
95% C.L. constraint sin2 θ < 0.01. We apply this constraint in addition to those coming from
direct searches for heavy Higgs bosons at future colliders.
Throughout this article we will only show parameter-space points that pass the current
constraints described in detail in Appendix C (denoted by a  ), or the HL-LHC constraints de-
scribed in detail in Appendix D plus future signal strength (| sin θ| < 0.1) constraints (denoted
by a N).
5 Phenomenological results
5.1 Theoretical uncertainties
To assess the severity of the theoretical uncertainties at the (zero temperature) phenomeno-
logical level, we have calculated the variation of the one-loop mass of the SM-like Higgs boson
with scale, taken in [0.5mZ , 2mZ ].9 The resulting values are shown in fig. 4. One can observe
that the "Conservative" points generally possess a low variation, ∆m1 . 20 GeV, whereas the
"Centrist" and "Liberal" points possess variations as large as 30 GeV up to ∼ 700 GeV, which
then reach 60–80 GeV around m2 ∼ 1000 GeV. Beyond m2 ∼ 1000 GeV the variations grow
to very large values ∼ 200 GeV. Due to the larger theoretical uncertainties with increasing
m2, we restrict our analysis to points with m2 < 2000 GeV.
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Figure 4: The change of the one-loop SM-like Higgs boson (h1) mass, m1, with scale, taken in
[0.5mZ , 2mZ ]. Only points that pass the current constraints ( ) or the HL-LHC constraints
plus future signal strength (| sin θ| < 0.1) constraints (N) are shown.
5.2 Future collider prospects
5.2.1 Proton colliders at 100 TeV
Following the Monte Carlo-level phenomenological analyses for h2 resonant searches we have
developed, presented in Appendix F in detail, we have derived the expected statistical sig-
nificance at a 100 TeV proton-proton collider, for each of the parameter-space points for a
lifetime integrated luminosity of 30 ab−1. The significances for each of the individual analy-
ses: pp → h2 → h1h1, pp → h2 → ZZ and pp → h2 → W+W− are shown in fig. 5. It is
evident that although the pp → h2 → h1h1 process can probe a large part of the parameter
space, it cannot discover nor exclude of all the points that yield SFO-EWPT at an integrated
luminosity of 30 ab−1. The pp → h2 → ZZ and pp → h2 → W+W− channels yield higher
significances even for points with a large branching ratio h2 → h1h1. This is due to the fact
that the parameter-space branching ratios for h2 → ZZ and h2 → W+W− remain relatively
significant, at least O(few %), even for large BR(h2 → h1h1), and due to the power of the
9Note that in doing so, we are calculating the mass using the one-loop effective potential rather than
calculating the pole mass from the full self energy. We do not expect a qualitative change in the results from
doing this.
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Figure 5: The statistical significances for a heavy Higgs boson (h2) signal at a 100 TeV
collider with an integrated luminosity corresponding to 30 ab−1, for each of individual analyses:
pp → h2 → h1h1, pp → h2 → ZZ and pp → h2 → W+W−. We indicate the 2σ (exclusion)
and 5σ (discovery) boundaries by the black dashed and red dashed lines, respectively. Only
points that pass the current constraints ( ) or the HL-LHC constraints plus future signal
strength (| sin θ| < 0.1) constraints (N) are shown.
gauge boson analyses themselves. In turn, the pp → h2 → ZZ analysis performs slightly
better than the pp → h2 → W+W− analysis that we have constructed. The sensitivity is
driven by the ZZ → (2`)(2ν) analysis, which yields the most stringent constraints on the
pp→ h2 → ZZ cross section. We show the maximum statistical significance over all channels
in fig. 6.
5.2.2 Proton colliders at 27 TeV
Following the extrapolation described in appendix F.2, we show an equivalent plot for the
maximum significance in fig. 14, for the case of the HE-LHC 27 TeV proton-proton collider
with an integrated luminosity of 15 ab−1. We defer the individual plots to the appendix
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Figure 6: The maximum statistical significance for a heavy Higgs boson (h2) signal at a 100
TeV collider with an integrated luminosity corresponding to 30 ab−1, taken over the analyses
presented in fig. 5. We indicate the 2σ (exclusion) and 5σ (discovery) boundaries by the black
dashed and red dashed lines, respectively. Only points that pass the current constraints ( ) or
the HL-LHC constraints plus future signal strength (| sin θ| < 0.1) constraints (N) are shown.
(fig. 14). It is evident that a 27 TeV collider is powerful enough to exclude or discover a
large fraction of the parameter space. However, due to the reduction in energy and the lower
lifetime integrated luminosity, our studies show that it will fail to exclude the whole of the
viable parameter space.
5.2.3 Summary
The summary of the constraints obtained via the maximum of the significances of the pp →
h2 → h1h1, pp → h2 → ZZ and pp → h2 → W+W− channels, at both 27 TeV and 100 TeV
appears in fig. 1, given in the introduction. In that figure, we show the fraction of currently-
viable parameter-space points that our scan has produced that will either be discovered or
excluded at 27 TeV (dashed lines), or at 100 TeV (solid lines). Both the "Conservative" and
"Tight" points are not shown as they will be excluded very early on in the lifetime of both
colliders (L < 100 fb−1). We note here that the "Centrist" and "Loose" points, originating
from different categorisation conditions, behave similarly. This fact is encouraging, as this
seems to indicate that they encompass essentially the same theoretical uncertainties. The
"Liberal" points therefore represent a less conservative category than both the "Centrist" and
"Loose" points. While it is evident that the 27 TeV collider will not be able to exclude or
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Figure 7: The maximum statistical significance for a heavy Higgs boson (h2) signal at a 27
TeV collider with an integrated luminosity corresponding to 15 ab−1, taken over the analyses
presented in fig. 14 in appendix F.2. We indicate the 2σ (exclusion) and 5σ (discovery)
boundaries by the black dashed and red dashed lines, respectively. Only points that pass the
current constraints ( ) or the HL-LHC constraints plus future signal strength (| sin θ| < 0.1)
constraints (N) are shown.
discover the whole of the parameter-space points, specifically those with moderate to large
theoretical uncertainties, a 100 TeV machine possesses the power to potentially quite efficiently
discover the real singlet scalar extension of the SM: in the worst-case scenario, our results
indicate that this would occur at L ∼ 5 ab−1. An early discovery would allow for precise
measurements of the properties of the heavy scalar to be obtained at a 100 TeV machine, so
as to definitively verify whether indeed this is the physical remnant of a real singlet scalar
field that catalyses SFO-EWPT.
5.3 Selected benchmark points
We present a selection of benchmark points within the "Conservative" and "Centrist" cate-
gories that we have defined in section 3.3. These represent the "low" and "medium" theoretical
uncertainty categories of points. Tables 3 and 4 show these points in increasing mass of the h2
from left to right. The top panel shows the real singlet-extended potential parameters and the
bottom panel shows some useful derived quantities: the maximum value of ρmax over the vari-
ations of scale and gauge parameters, sin θ, the width of h2, the significant branching ratios of
h2 and the gluon-fusion production cross sections of h2 at 13, 27 and 100 TeV. We also show
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Conservative benchmarks
Name Cons1 Cons2 Cons3 Cons4 Cons5
x [GeV] 6.10 36.82 19.12 25.28 20.45
µ [GeV] -9014.07 -5466.52 -15334.76 -10212.31 -26855.28
MS [GeV
] 62000.40 50873.06 333989.11 602876.09 572128.24
K [GeV] -3.79 -142.70 -59.50 -105.40 -150.58
K 0.72 3.65 2.76 0.55 3.49
κ [GeV] -661.22 -624.96 -843.48 -1015.84 -622.13
λS 0.91 0.00092 0.019 0.050 -0.00015
λ 0.30 0.21 0.22 0.32 0.17
max(ρmax) 1.17 2.10 2.01 1.32 2.94
sinθ -0.019 0.094 0.038 0.044 0.055
m [GeV] 301.10 372.75 655.25 792.52 831.81
Γ [GeV] 0.003 0.539 0.251 0.665 1.058
BR(ZZ) 0.298 0.099 0.260 0.250 0.298
BR(W+W−) 0.671 0.215 0.528 0.500 0.600
BR(hh) 0.031 0.654 0.072 0.155 0.003
BR(tt¯) O(10−5) 0.032 0.141 0.095 0.101
σ [pb] 0.002 0.032 0.0009 0.001 0.0008
σ [pb] 0.020 0.0411 0.0067 0.005 0.0045
σ [pb] 0.159 3.484 0.0778 0.070 0.0576
Table 3: The "Conservative" benchmark points Cons1–Cons5 in increasing mass of the h2
from left to right. The top panel shows the real singlet-extended SM potential parameters
and the bottom panel shows some useful derived quantities, including the significant branching
ratios and the gluon-fusion cross sections at 13, 27 and 100 TeV. Note that conservative points
have tend to have reasonably large K2 and no large hierarchies of scale either in MS/|µ| or
K1/|µ|.
the branching ratio to top quarks, which was not part of our analysis. It is nevertheless of
interest, as it could provide the only direct way to measure the coupling of the h2 to fermions.
6 Conclusions
We have performed a multi-channel analysis of the electro-weak phase transition at future col-
liders utilising the real scalar extension of the SM as the test model. Considering decays into
vector bosons dramatically improves the reach of colliders to the point that a substantially
"weaker" collider, particularly in terms of the integrated luminosity, is needed to probe the
nature of the electro-weak transition than previously thought. This is true even when theo-
retical uncertainties are taken into account, dramatically expanding the potentially relevant
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Centrist benchmarks
Name Centr1 Centr2 Centr3 Centr4 Centr5 Centr6
x [GeV] 18.56 27.84 26.83 54.95 64.27 62.34
µ [GeV] -11690.71 -13317.33 -12820.22 -13704.21 -11983.69 -21522.98
MS [GeV
] 250433.68 996049.84 1669002.94 1982782.83 2978794.25 3288349.94
K [GeV] -52.07 -277.53 -329.68 -459.56 -747.60 -1131.61
K 2.03 0.72 2.76 0.84 0.70 0.73
κ [GeV] -889.07 -948.56 -821.82 -1820.20 -1925.10 -1929.10
λS 0.20 0.789 0.327 0.079 0.005 0.606
λ 0.27 0.37 0.05 0.40 0.48 0.64
max(ρmax) 1.57 1.44 1.44 1.39 1.33 1.36
sinθ 0.044 0.063 0.047 0.059 0.064 0.082
m [GeV] 565.32 1060.40 1330.00 1435.00 1745.70 1923.20
Γ [GeV] 0.202 3.203 2.227 3.41 5.56 10.46
BR(ZZ) 0.262 0.253 0.202 0.204 0.152 0.129
BR(WW ) 0.540 0.506 0.404 0.408 0.304 0.257
BR(hh) 0.024 0.185 0.349 0.344 0.511 0.59
BR(tt¯) 0.173 0.054 0.043 0.044 0.033 0.028
σ [pb] 0.002 0.032 0.0001 0.0001 O(10−5) O(10−5)
σ [pb] 0.018 0.0411 0.0002 0.0002 O(10−5) O(10−5)
σ [pb] 0.194 3.484 0.0033 0.0051 0.0014 0.0022
Table 4: The "Centrist" benchmark points Centr1–Centr6 in increasing mass of the h2 from
left to right. The top panel shows the real singlet-extended SM potential parameters and the
bottom panel shows some useful derived quantities, including the significant branching ratios
and the gluon-fusion cross sections at 13, 27 and 100 TeV. The extra theoretical uncertainty
is mostly driven by the large hierarchies in scale - either a large |MS |/|µ| or a large K1/|µ|.
parameter space.
However, the entire relevant parameter space cannot be probed, as theoretical uncertain-
ties become unmanageable for large scale hierarchies and/or large portal couplings. Indeed,
there exists potentially-viable parameter space for a strongly first-order electro-weak phase
transition at above the cutoffs we have imposed. Improved techniques, such as a higher-loop
expansion, an improved resummation or dimensional reduction, will be needed to verify if such
a heavy singlet can indeed catalyse the eletro-weak transition. Furthermore, such improved
analysis can probe larger portal couplings than we were able to consider here. Nevertheless, we
emphasise that the present treatment of theoretical uncertainties is generous, and we expect
our conclusions to be robust.
Finally, if a new heavy scalar particle is discovered early on at any future collider experi-
ment, as our studies indicate, the challenge would then be to comprehend whether it is indeed
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the remnant of a new scalar field related to the electro-weak phase transition. This endeavour,
the so-called "inverse" problem, should be pursued in future investigations.
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A Heavy Higgs boson decay modes
Since we concentrate on the scenario m2 > m1, no new decay modes appear for the h1. For
m2 ≥ 2m1, the h2 → h1h1 decay mode opens up, with width:
Γh2→h1h1 =
λ2112
√
1− 4m21/m22
8pim2
, (A.1)
where λ112 is the h1 − h1 − h2 coupling contained in the scalar potential after electroweak
symmetry breaking, V (h1, h2) ⊃ λ112h1h1h2, and m1, m2 are the masses of the h1 and h2
particles. For completeness, we give the full list of the tree-level triple couplings between the
scalars h1 and h2, representing terms of the form V (h1, h2) ⊃ λijkhihjhk, i, j, k = {1, 2} (see,
e.g. [70]):
λ111 = λv0c
3
θ +
1
2
(K1 +K2x0)c
2
θsθ , (A.2)
+
1
2
K2v0s
2
θcθ +
(κ
3
+ 2λSx0
)
s3θ ,
λ112 = v0(K2 − 6λ)c2θsθ −
1
2
K2v0s
3
θ
+ (−K1 −K2x0 + κ+ 6λSx0)cθs2θ +
1
2
(K1 +K2x0)c
3
θ ,
λ122 = v0(6λ−K2)s2θcθ +
1
2
K2v0c
3
θ
+ (κ+ 6λSx0 −K1 −K2x0)sθc2θ +
1
2
(K1 +K2x0)s
3
θ ,
λ222 =
1
12
[
4(κ+ 6λSx0)c
3
θ − 6K2v0c2θsθ
+ 6(K1 +K2x0)cθs
2
θ − 24λv0s3θ
]
,
where we have defined cθ ≡ cos θ and sθ ≡ sin θ.
The total width of the h2 scalar is given by:
Γh2 = sin
2 θ Γ SM(m2) + Γh2→h1h1 , (A.3)
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Figure 8: The value of sin θ for each of the parameter-space points against the mass of h2,
m2. Only points that pass the current constraints ( ) or the HL-LHC constraints plus future
signal strength (| sin θ| < 0.1) constraints (N) are shown.
where Γ SM(m2) corresponds to the width of a scalar boson of mass m2 possessing the same
decay modes as the SM Higgs. In what follows, we have used the Γ SM(m2) corresponding to
the CERN “Yellow Report 3” (YR3) [71], obtained from [72] and interpolated for intermediate
values up to m2 = 1000 GeV. Beyond that we obtain the values by extrapolation. The
branching ratios corresponding to h2 → xx, for x 6= h1, are then given by:
BR(h2 → xx) = sin2 θΓ
SM
xx (m2)
Γh2
, (A.4)
where Γ SMxx (m2) corresponds to the SM-like width of a scalar boson of mass m2 into the
final state xx, i.e. in the limit λ112 → 0. The values Γ SMxx (m2) were likewise obtained from
the CERN YR3 and interpolated. We note that owing to the current constraints on sin θ,
the width of h2 for viable parameter-space points is small compared to its mass. Therefore,
throughout this paper, we have assumed that Γh2  m2.
We show in fig. 8 the one-loop value of sin θ, the most crucial ingredient when calculating
the collider production cross sections of h2. We note that this can also attain negative values,
but this was found to occur less frequently than the positive values in our scans. Although
the sign of sin θ does not affect single scalar production, it has an impact on multi-scalar
production processes. The portion of above of parameter space above | sin θ| ∼ 0.16 is excluded
– 19 –
by current experimental results.
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Figure 9: The branching ratios for the heavy Higgs boson, h2 → h1h1 (top right), h2 → ZZ
(top left) and h2 →W+W− (bottom left) for the parameter-space points in the "Conservative"
(red), "Liberal" (orange) and "Centrist" (green) categories, plotted against its mass, m2. The
bottom right plot shows the ratio of the h2 → h1h1 branching ratio to that of h2 → ZZ. Only
points that pass the current constraints ( ) or the HL-LHC constraints plus future signal
strength (| sin θ| < 0.1) constraints (N) are shown.
In fig. 9, we show the branching ratios of the h2 for the parameter-space points that we
have generated. The "Conservative" points with m2 > 250 GeV generally exhibit a relatively
high branching ratio to h2 → h1h1. Both "Centrist" and "Liberal" points exhibit lower
branching ratios to h2 → h1h1 on average. The lower-right plot of fig. 9 shows the ratio of the
rate to h2 → h1h1 over that to h2 → ZZ, emphasising the fact that while the "Conservative"
points tend to decay more often to h1h1, the "Liberal" and "Centrist" points show comparable
to much larger branching ratios to ZZ.10 This fact renders the gauge boson final states
essential in discovering or excluding the existence of h2 and hence of the real singlet extension
of the SM.
10Since h2 → ZZ and h2 →W+W− are related by custodial symmetry, this is also true for W+W−.
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B One-loop corrections to the effective potential in the covariant gauge
In this appendix we give details about how to derive the effective potential at zero and finite
temperature in the covariant gauge (also known as Fermi gauges). We follow the prescription
given in ref. [54]. We begin by writing the Higgs doublet components as
H =
(
φ1 + iψ1
φ2 + iψ2
)
. (B.1)
It then becomes useful to write a vector of the five real scalars, including the singlet component
which we denote as s,
Ψa =

φ1
φ2
ψ1
ψ2
s
 . (B.2)
Similarly, we write a vector of gauge bosons
Vµ =

W 1µ
W 2µ
W 3µ
Bµ
 . (B.3)
The one-loop Lagrangian can be written as:
L1−loop = V (H, s)− 1
2
Φ†
[
Dab Maµ
Maµ
† ∆¯µν
]
Φ+ Lfermion ⊃ 1
2
Φ†ΣΦ , (B.4)
where Φ = (Ψa, Vµ)T and
Dab =

−p2 + d11 0 0 0 0
0 −p2 + d22 0 0 d25
0 0 0− p2 + d33 0 0
0 0 0 −p2 + d44 0
0 d52 0 0 −p2 + d55
 , (B.5)
Maµ =

0 i2g2φ2pµ 0 0
0 0 0 0
i
2g2φ2pµ 0 0 0
0 0 − i2g2φ2pµ i2g1φ2pµ
0 0 0 0
 , (B.6)
(B.7)
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∆¯µν =

∆11µν 0 0 0
0 ∆11µν 0 0
0 0 ∆33µν ∆
34
µν
0 0 ∆43µν ∆
44
µν
 , (B.8)
d11 = d22 = d33 = d44 − µ2 + λ
2
φ22 +K1s+
K2
2
x2 , (B.9)
d25 = d52 = K1φ2 + φ2sK2 , (B.10)
d55 =
K2
2
φ22 +M
2
S + 2sκ+ 6λss
2 , (B.11)
∆11µν = ∆
22
µν = ∆
33
µνgµν
(
p2 − 1
4
g22φ
2
2
)
−
(
1− 1
ξW
pµpν
)
, (B.12)
∆34µν = ∆
43
µν =
1
4
g1g2φ
2
2gµν , (B.13)
∆44µν = gµν
(
p2 − 1
4
g21φ
2
2
)
−
(
1− 1
ξB
)
pµpν . (B.14)
Taking the determinant of the matrix Σ, it is straightforward to derive the mass eigenvalues
that enter the one-loop corrections to the tree-level potential.
Vtr(h, s,Q) =
µ2(Q)
2
h2 +
λh(Q)
8
h4
+
K1(Q)
2
h2s+
K2(Q)
4
h2s2
+
MS(Q)
2
2
s2 +
κ(Q)
3
s3 +
λs(Q)
2
s4 , (B.15)
VCW(h, s,Q, ξW , ξB) =
∑
i∈scalars
ni
m4i (h, s,Q, ξW , ξB)
64pi2
[
log
(
m2i (h, s,Q, ξW , ξB)
Q2
)
− 3
2
]
−3m
4
t (h,Q)
16pi2
(
m2t (h,Q)
Q2
)
+
∑
i∈gauge
ni
m4i (h, s,Q)
64pi2
[
log
(
m2i (h, s,Q)
Q2
)
− 5
6
]
, (B.16)
VT (h, s,Q, ξW , ξB) =
T 4
2pi2
∑
i
niJB
(
mi(h, s,Q, ξW , ξB)
T 2
)
+12
T 4
2pi2
JF
(
mt(Q, h)
T 2
)
. (B.17)
In the above, the field-dependent top and gauge boson masses take their usual form. The
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four Goldstone-like scalar masses11 and two physical modes are, respectively,
m21,± =
1
2
(
χ±
√
χ2 − ΥW
)
, (B.18)
m22,± =
1
2
(
χ±
√
χ2 − ΥZ
)
, (B.19)
mh,± =
1
2
(
−b±
√
b2 − 4c
)
, (B.20)
where
χ = µ2(Q) +
λ(Q)
2
h2 +
K2(Q)
2
s2 +K1(Q)s , (B.21)
ΥW =
1
2
(
2µ2(Q) + s(2K1(Q) + sK2(Q)) + λ(Q)h
2
)
g22(Q)h
2ξW , (B.22)
ΥZ =
1
2
(
2µ2(Q) + s(2K1(Q) + sK2(Q)) + λ(Q)h
2
)
(g22(Q)ξW + g
2
1(Q)ξB)h
2 , (B.23)
b = −M2S(Q)−
s
2
(2K1(Q) + sK2(Q) + 12λs(Q)s+ 4κ(Q))− µ2(Q)
−h
2
2
(K2(Q) + 3λ(Q)) , (B.24)
c =
1
4
(2(M2S(Q) + 2s(3λs(Q)s+ κ(Q)))(2K1(Q)sK2(Q)s
22µ2(Q))
+(−4K21 (Q)− 6K1(Q)K2(Q)s− 3K22 (Q)s2
+6(M2S(Q) + 2s(3λs(Q)s+ κ(Q)))λ(Q) + 2K2(Q)µ
2(Q))h2 + 3K2(Q)λ(Q)h
4) .
(B.25)
Finally, the multiplicities for the scalar masses are n1,+ = n1,− = 2 and n2,± = nh,± = 1.
The "Arnold-Espinosa" method involves resumming the bosonic masses which results in the
addition of Daisy terms to the effective potential
VD = − T
12pi
∑
i
ni
(
m˜i
3 −m3i
)
, (B.26)
where we have suppressed gauge, field and scale dependence in the arguments. The scalar
Debye masses are given by
Πh =
(
λ
4
+
g21 + 3g
2
2
16
+
y2t
4
)
T 2 ,
Πs =
λs
2
T 2 . (B.27)
The scalar masses that go into the Daisy resummation term of the potential are simply m˜2 =
m2i,± +Πh for the four Goldstone-like mass terms. For the physical states, the tilded masses
are the eigenvalues of the matrix(
∂2Vtr
dh2
+Πh
∂2Vtr
dhds
∂2Vtr
dhds
∂2Vtr
ds2
+Πs
)
. (B.28)
11They reduce to the Goldstone modes that one derives in the Landau gauge when working in the Rξ gauges.
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To remarkable accuracy, one can write the two gauge boson Debye masses as
ΠW =
11
6
g22T
2 , (B.29)
ΠZ =
11
6
g41 + g
4
2
g21 + g
2
2
. (B.30)
C Current constraints
C.1 Current constraints through HiggsBounds and HiggsSignals
To incorporate an array of current collider constraints into our analysis, we employ the
HiggsBounds (v5.8.0) [62–65] and HiggsSignals (v2.5.0) [66–68] packages. HiggsBounds takes
a selection of Higgs sector predictions for any model as input and then uses the experimental
topological cross section limits from Higgs boson searches at LEP, the Tevatron and the LHC
to determine if this parameter point has been excluded at 95% C.L.. HiggsSignals performs
a statistical test of the Higgs sector predictions of arbitrary models with the measurements
of Higgs boson signal rates and masses from the Tevatron and the LHC. HiggsBounds re-
turns a boolean corresponding to whether the Higgs sector passes the constraints at 95% C.L.
(true) or not (false). HiggsSignals returns a probability value (p-value) corresponding to the
goodness-of-fit of the Higgs sector over several SM-like “peak” observables. At present these
involve the LHC 13 TeV results of refs. [73–82].
Effectively, HiggsBounds and HiggsSignals impose constraints through direct SM-like
Higgs boson signals (h1) and direct searches for heavy scalars (h2). The SM-like Higgs boson
signals impose constraints through the reduction of the rate via cos θ and the h2 searches
impose constraints on sin θ and the branching ratio to a particular final state. In HiggsBounds,
the most constraining analyses have been found to be the CMS combination of SM-like Higgs
boson searches and measurements of its properties using 7 and 8 TeV proton-proton centre-of-
mass data corresponding to an integrated luminosity of 5.1 fb−1 and 12.2 fb−1 respectively [83]
(pp → h1), the ATLAS combination of searches for heavy resonances decaying into bosonic
and leptonic final states using 36 fb−1 of data at 13 TeV [84] (pp → h2 → V V ), and CMS
searches for new scalar resonances decaying to Z boson pairs at 13 TeV with 35 fb−1 of
data [85] (pp→ h2 → ZZ).
C.2 Current constraints through resonant h2 → h1h1
To supplement the HiggsBounds and HiggsSignal constraints we consider in addition the
searches of resonant SM-like Higgs boson pair production conducted by ATLAS [86] and
CMS [87]. Both searches consider combinations of searches for resonant Higgs boson pair
production at 13 TeV centre-of-mass energy, using 36.1 fb−1 and 35.9 fb−1 of data, respectively.
Both analyses include the final states h1h1 → (bb¯)(γγ), (bb¯)(τ+τ−), (bb¯)(bb¯) and (bb¯)(W+W−)
and consider resonances with m2 > 250 GeV. The CMS analysis contains in addition the
h1h1(bb¯)(ZZ) final state and the ATLAS analysis contains the h1h1 → (W+W−)(W+W−)
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and (W+W−)(γγ) final states. We consider the results of fig. 5(a) of ref. [86] and of fig. 3 of
ref. [87], both constructed in the cases of narrow resonances. To construct a constraint for a
given parameter-space point of the real-singlet extended SM, we compare to the rescaled 13
TeV cross section calculated at next-to-next-to-next-to-leading order in QCD (N3LO), taken
from [88], which appear in the CERN “Yellow Report 4” [89].
C.3 Current Higgs boson signal strength constraints
The on-peak SM-like Higgs boson measurements directly constrain the mixing angle. For
the current measurements, these constraints are implemented in our analysis through the
HiggsSignals package. The latest 13 TeV ATLAS and CMS SM-like Higgs boson global
signal strengths, µ = σmeasured/σSM have been found to be µATLAS = 1.11+0.09−0.08 [90] and
µCMS = 1.02
+0.07
−0.06 [91], with 80 fb
−1 and 137 fb−1 of data, respectively. These measurements
are currently not included in the HiggsSignals constraints. Since µ = µSM cos2 θ in the SM
extended by a real scalar, the model cannot accommodate measurements of µ > 1. Therefore,
the fact that current experimental central values both lie in µ > 1 results in more stringent
constraints than expected. In particular, at 95% C.L. (2σ), the ATLAS measurement would
imply that sin2 θ = −0.11+0.18−0.16 and the CMS measurement, sin2 θ = −0.02+0.14−0.12. Since sin2 θ >
0, taking only the positive values results in sin2 θ < 0.07 and sin2 θ < 0.12 for the ATLAS
and CMS measurements respectively, at 95% C.L.. Combining the two measurements by
taking their mean and their errors in quadrature results in sin2 θ < 0.05 for the combined
current ATLAS and CMS constraint at 95% C.L.. We impose this constraint in addition to
the HiggsSignals constraints.
D High-Luminosity LHC
D.1 HL-LHC Higgs boson signal strength
Both ATLAS and CMS have presented projections for the high-luminosity phase of the LHC,
foreseen to collect 3000 fb−1 of data at 14 TeV [92, 93]. In ref. [92], the ATLAS collaboration
provides a projection on a global coupling modifier, which they call κ, of δκ = 2.2% for the
"halved systematics" scenario (table 3 of ref. [92]). Since the signal strength µ is proportional
to κ2, the expected uncertainty on µ would be δµ = 4.4%. The CMS analysis of ref. [93] does
not provide a global signal strength or coupling modifier estimate, therefore we take their “S2”
projection for the gluon-fusion Higgs boson production mode, with an expected uncertainty on
µ of δµ = 3% (fig. 3 of [93]). Combining the two in quadrature would result in a total ultimate
uncertainty estimate at the HL-LHC of δµ ∼ 2.7%. This would imply a 95% C.L. constraint
on the mixing angle of sin2 θ < 0.054. This is in fact almost identical to the current constraint.
This is due to the fact that the current measured central value of the signal strength is µ > 1,
providing a more stringent constraint on the mixing angle than expected. Thus, in the absence
of new phenomena, as the central value of the signal strength measurement µ→ 1, it is likely
that the current constraint will become weaker at the HL-LHC.
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D.2 HL-LHC Heavy Higgs boson searches
D.2.1 HL-LHC h2 → ZZ
Ref. [94] presented an extrapolation of the results of ref. [95] at 13 TeV, of searches of a
heavy resonance decaying to a pair of Z bosons. This was done in the narrow-resonance limit,
matching the analysis of the present article. The extrapolation focuses on a single final state
ZZ → (2`)(2q) (for ` representing electrons or muons and q quarks). This final state is more
sensitive in the high-mass region at LHC energies and therefore the extrapolation only provides
constraints for m2 ≥ 550 GeV. If m2 < 550 GeV, we will assume that no information is given
by this analysis on h2 → ZZ. A parameter fVBF is defined as the fraction of the electroweak
production cross section with respect to the total cross section. The results are given in two
scenarios: fVBF floated, and fVBF = 1. In the expected result, the two scenarios correspond
to the gluon fusion (ggF) and vector-boson fusion production (VBF) modes, respectively.
Here we consider the floating VBF scenario, corresponding to the ggF mode. We consider
the “YR18” systematics scenario presented in ref. [94], where the systematic uncertainties are
halved with respect to the values given in ref. [95]. This corresponds to the lower-left plot of
fig. 173 in ref. [94]. Here and in the rest of this article, we have “digitised” the constraints of
the figure using the package EasyNData [96]. As in section C.2, we compare to the rescaled
13 TeV cross section at N3LO.
To estimate the expected HL-LHC limit for m2 < 550 GeV through h2 → ZZ, we
naively extrapolate the results of the 13 TeV analysis of ref. [97] that employed the ZZ →
4`, → (2`)(2q) and → (2`)(2ν) channels for 35.9 fb−1 of data. This is done simply by
rescaling the expected 95%.C.L. cross section by the square root of the ratio of luminosities,√Lcurr./LHL−LHC, where Lcurr. is the luminosity used to derive the constraints of the ATLAS
and CMS analyses and LHL−LHC = 3000 fb−1. Further details of this analysis are outlined in
section F.1.2, where we re-purpose it for our future proton collider studies.
D.2.2 HL-LHC h2 →W+W−
The ATLAS note [98] has presented the HL-LHC prospects for narrow-width diboson reso-
nance searches in the WW → (`ν)(qq) final state. The analysis considered a 14 TeV centre-
of-mass energy and therefore we use the NNLO+NNLL ggF Higgs boson cross sections of
ref. [89] to deduce whether a parameter-space point is excluded or not. For this purpose, we
have digitised the lower-left plot of fig. 5 in ref. [98]. As before, the h2 → W+W− analysis
considered relatively high-mass resonances, m2 ≥ 500 GeV, therefore we will assume that it
provides no information on parameter-space points with m2 < 500 GeV. To accommodate
points with m2 < 500, we extrapolate the ATLAS analysis of ref. [99], where the final state
WW → (eν)(µν) was investigated at 13 TeV with 36.1 fb−1 of data. Further details of this
analysis are provided in F.1.3.
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D.2.3 HL-LHC resonant Higgs boson pair production, h2 → h1h1
To derive the approximate expected constraints at the HL-LHC originating from searches
of resonant SM-like Higgs boson pair production, we perform a naive extrapolation of the
ATLAS [86] and CMS [87] analyses considered in section C.2.
E Electron-positron colliders
E.1 Electroweak precision observables
To incorporate the constraints of electroweak precision observables (EWPO), we follow the
procedure outlined in refs. [16, 24, 25]. The existence of a real singlet scalar field will modify
the Higgs field’s contributions to the diagonal weak gauge boson vacuum polarisation diagrams
and will induce additional contributions. The effect can be characterised via the S, T and U
parameters [100] which can be calculated pertubatively in any model from the gauge boson
propagator functions. A change in an EWPO O due to the presence of a real singlet field, ∆O,
with respect to the SM value is then given by: ∆O = OBSM −OSM, where OSM = O(m21) is
the contribution of the SM Higgs boson. At one loop, the change is then ∆O = O(m22) sin2 θ+
O(m21) cos2 θ −O(m1). This leads to:
∆O = (O(m22)−O(m21)) sin2 θ . (E.1)
The above expression implies weaker constraints for m2 ∼ m1 and small mixing angles. The
parameter U has a negligible dependence on the mass of the scalar particle involved, and
hence we only consider modifications of S and T , i.e. ∆S and ∆T , as in ref. [25]. The relevant
contributions come from the SB and TB functions found in the appendices C.1 and C.2 of
ref. [100].
To extract “current” constraints, i.e. those coming from LEP, we performed a correlated
χ2 fit of the Gfitter results [101]:
∆S = 0.06± 0.09, ∆T = 0.10± 0.07, (E.2)
with correlation coefficient ρST = 0.91. The χ2 is then given by:
χ2(m2, sin
2 θ) =
∑
ij
[
∆Oi(m2, sin2 θ)−∆Omeas.i
]
(σ2)−1ij
[
∆Oj(m2, sin2 θ)−∆Omeas.j
]
,
(E.3)
where ∆Oi = S, T for i = 1, 2 respectively, ∆Omeas.i is the measured difference of the cor-
responding observable from the SM expectation and the matrix (σ2)−1 is the inverse of the
covariance matrix:
σ2 =
(
σ2S ρSTσSσT
ρSTσSσT σ
2
T
)
, (E.4)
where σS and σT are the uncertainties on the measured differences coming from the global
electroweak fit.
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In addition, future lepton collider prospects of EWPO measurements are discussed in
ref. [101]. Assuming no deviation from the SM expectations, the International Linear Collider
(ILC) “GigaZ” option at 90 to 200 GeV e+e− centre-of-mass energy, is expected to yield:
∆S = 0.000± 0.017(exp.)± 0.006(th.), ∆T = 0.000± 0.022(exp.)± 0.005(th.), (E.5)
where the first uncertainty is experimental and the second theoretical. We combine these in
quadrature in what follows.
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Figure 10: The exclusion regions for a real singlet scalar particle with mixing angle θ and mass
m2 through EWPO precision observables obtained through LEP measurements (left) and fu-
ture ILC/GigaZ projections (right). The curves correspond to constant χ2 = 2.30, 6.18, 11.83,
giving the 1, 2, 3σ exclusion regions, respectively. The grey dashed lines show the sin θ = 0.25
and sin θ = 0.1 boundaries, the former corresponding to the upper limit in our scans and the
latter to the future collider limit from Higgs boson signal strength measurements.
Using the above considerations we have calculated the χ2 on the (sin θ,m2)-plane, shown
in fig. 10, both using the current LEP results and the ILC/GigaZ projections. The curves
correspond to constant χ2 = 2.30, 6.18, 11.83, giving the 1, 2, 3σ exclusion regions, respectively.
It is clear that by comparing the 2σ region excluded by current constraints to the 2σ region
coming from future ones, that the current region appears to be more restricted than the future
one. In fact, all points on the parameter space are currently incompatible at more than 1σ
with LEP results through EWPO. That is due to the fact that the central values of the S
and T parameters extracted LEP measurements are not centred about the SM expectations,
thereby increasing the value of χ2. It is also clear that the constraints coming from EWPO
observables will not be as stringent as the future signal strength measurements. Nevertheless,
they could provide information on the overall picture, in case a signal is observed.
E.2 Direct searches for Heavy Higgs bosons at future lepton colliders
A comprehensive study of prospects of constraining the real singlet extension of the SM at
the Compact Linear Collider (CLIC) was performed in ref. [27]. The article examined the
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decays h2 → V V for V = W and V = Z gauge bosons, as well as h2 → h1h1 at e+e−
centre-of-mass energies of 1.4 TeV and 3 TeV and concluded that CLIC would allow an up
to two orders of magnitude improvement with respect to the sensitivity achievable by HL-
LHC in m2 ∈ [250, 1000] GeV. To incorporate constraints in our study, we have extracted the
combined h2 → V V constraints of fig. 7 of [27], at 3 TeV, L = 2000 fb−1, (green curve) and
the h2 → h1h1 constraints of fig. 9 at 1.4 TeV (L = 1500 fb−1) and 3 TeV (L = 2000 fb−1),
with the high b-tagging option (90%), corresponding to the orange dashed and blue dashed
curves respectively. The limits are given in terms of the κ = σ(m2)/σ(m2)SM for the h2 → V V
final states and in terms of κ = σ(m2)/σ(m2)SM × BR(h2 → h1h1) for the h2 → h1h1 final
state.
Fraction excluded
Analysis Conservative Central Liberal Tight Loose
h1h1 (1.4 TeV) 0.969 0.805 0.340 ∼ 1.0 0.696
h1h1 (3 TeV) ∼ 1.0 0.995 0.982 ∼ 1.0 0.987
V V (3 TeV) ∼ 0.0 0.019 0.012 ∼ 0.0 0.013
Table 5: The fraction of currently-viable parameter-space points in m2 ∈ [200, 1000] GeV
excluded by each of the CLIC analyses performed in ref. [27], for each of the categories defined
in section 3.3.
In table 5 we show the fraction of currently-viable points in m2 ∈ [200, 1000] GeV that is
excluded by each of the CLIC analyses performed in ref. [27], for each of the categories defined
in section 3.3. The h1h1 analyses are more powerful in excluding points than the V V analysis,
but still fail to exclude all points within the given m2 range. Therefore, CLIC should be able
to provide strong constraints on the parameter space of the real singlet scalar model, but will
most likely be unable to exclude the totality of the viable parameter space on its own.
F Future proton colliders
F.1 Heavy Higgs boson searches at a 100 TeV proton collider
F.1.1 Monte Carlo analysis details
To the best of our knowledge, the prospects of detecting heavy scalar resonances at a 100 TeV
proton collider have not been previously examined in detail. To this end, we have performed
detailed phenomenological analyses at the Monte Carlo level, of the main decay channels of
a heavy scalar resonance with SM-like couplings in the mass range mh2 ∈ [200, 2000] GeV,
assuming a narrow width, i.e. Γh2  mh2 .12 We have considered both gluon-fusion (GF)
production and vector boson-fusion (VBF) production of the h2.
All the parton-level events have been generated via the Monte Carlo (MC) event generator
MadGraph5_aMC@NLO (v2.7.2) [102, 103], with a custom modification of the loop_sm model to
12In practice, the width was set to Γh2 = 1 GeV in all Monte Carlo simulations.
– 29 –
incorporate an additional scalar particle and its interactions with the SM particles. Both
GF and VBF production channels have been simulated at leading order (LO). In the case
of GF, we have calculated approximate next-to-next-to-next-to-leading (N3LO) corrections
via the ihixs program (v2.0) [104], with renormalisation/factorisation scales set to µR =
µF = m2/2 and the PDF set NNPDF23_nnlo_as_0119 [105]. The corrections were calculated
in the Higgs Effective Field Theory, including full NLO quark mass dependence and threshold
resummation up to next-to-next-to-leading logarithmic accuracy.13 In the case of VBF we
calculated the next-to-leading (NLO) corrections via fixed-order runs in MadGraph5_aMC@NLO.
Next-to-leading order matching, multi-jet merging, QCD parton showering, hadronization and
underlying event simulation were all performed within the general-purpose MC event generator
HERWIG (v7.2.1) [106–112]. We consider NLO matching through the MC@NLO method [113] and
for a subset of processes we employ FxFx merging [114, 115]. The Monte Carlo simulations
were performed with the PDF NNPDF23_nlo_as_0119 for LO and NNPDF23_nlo_as_0118_qed
for NLO. Events were analysed via the HwSim module [116] for HERWIG which saves events in
a ROOT compressed file format [117], with jets clustered using FastJet (v3.3.2) [118]. The
anti-kT algorithm [119] with a radius parameter R = 0.4 was chosen to be the default jet
clustering algorithm, unless otherwise stated.
To capture the effects of the detector geometry, we restrict the pseudo-rapidity coverage
of all objects to |η| < 3 and only consider particles with transverse momentum with pT >
400 MeV as being detectable. We do not consider the mis-measurement effects that would
"smear" the energy and momentum measurements. The lepton identification efficiency is
assumed to be 100% and the tagging of heavy-flavour jets is discussed, where applicable, in
the individual analyses outlined below.
Following the construction of a set of observables for each analysis, we employ ROOT’s
"Toolkit for Multivariate Data Analysis" (TMVA) to obtain the optimal signal versus back-
ground discrimination. We use the "Boosted Decision Tree" (BDT) classifier method with
Gradient Boost.14 To further reduce dependence on the size of our Monte Carlo samples, we
have run the BDT classifier a number of times and obtained the lowest signal cross section
that yields the desired significance.
The statistical significance, S, of the analysis is calculated as:
S = S√
B + (αB)2
, (F.1)
where σS is the signal cross section, σB is the sum of the background cross sections, S = σSL
and B = σBL are total signal and background events at an integrated luminosity L for a
specific analysis channel, after the BDT classification has been applied and α is a fractional
systematic uncertainty on the background processes, aiming to approximate the individual
process systematic uncertainties. We do not include any systematic uncertainty on the signals,
as it is very likely to be sub-dominant at the time of analysis of any future collider results. We
13For m2 < 340 GeV we include the NNLO 1/mtop terms.
14See the TMVA manual [120] for further details on BDT methods with Gradient Boost.
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consider α = 0.05 as the systematic uncertainty estimate on all the backgrounds throughout
our analysis.
F.1.2 pp@100 TeV h2 → ZZ
The final states arising through the decay of a heavy scalar to Z bosons, h2 → ZZ, provide a
relatively clean avenue to discovery at hadron colliders, usually ranking as the second or third
branching ratio. We have adapted the CMS analyses of [95] to 100 TeV, where the final states
ZZ → (2`)(2ν), ZZ → 4` and ZZ → (2`)(2q) were examined.
h → ZZ → (`)(ν): The event selection for this final state consists of combining di-lepton
Z boson candidates with a relatively large missing transverse momentum (/pT ). We require
two oppositely-charged leptons of the same flavour, each with pT (`) > 50 GeV. We require
their combined invariant mass within 30 GeV of the Z boson mass and di-lepton trans-
verse momentum, pT (``) > 55 GeV. In addition require pmissT > 125 GeV. We veto events
if ∆φ(~/pT , any jet with pT > 30 GeV) < 0.5, where ∆φ is the difference in angle between the
~/pT and any jet on the plane perpendicular to the beam axis. We also require the Z boson
candidate to satisfy ∆φ(Z,~/pT ) > 0.5. We construct the transverse mass as:
m2T =
(√
pT (``)2 +m(``)2 +
√
/p2T +m
2
Z
)2
− (~pT (``) +~/pT )2 , (F.2)
where m(``) is the invariant mass of the di-lepton system. The final set of observables that
are used in the discrimination of signal versus background consists of: • the transverse mo-
menta of the leptons that form the Z boson candidate, pT (`1), pT (`2), • the corresponding,
di-lepton invariant mass, m(``), and transverse momentum, pT (``), • their pseudo-rapidity
distance ∆η = |η(`1) − η(`2)| and their distance ∆R =
√
∆η2 +∆φ2, • the transverse mass
mT as defined above and • the magnitude of the missing transverse momentum, /pT . As
backgrounds, we consider those that can yield the 2` final state with an associated missing
transverse momentum, originating from the on-shell production of ZZ, WZ, ZV V where
V = W,Z, tt¯ and WW production, all matched via the MC@NLO method to the parton shower.
We do not consider the mis-identification of jets or photons as leptons, and we do not include
τ leptons in either signal or backgrounds, here and whenever we consider leptons in the follow-
ing analyses. These would contribute additional sensitivity when considered in future analyses.
h → ZZ → (`)(q): The leptons that form one of the Z boson candidates are required to
satisfy the same constraints as in the (2`)(2ν) analysis described above, with the only difference
being pT (``) > 100 GeV instead. In addition to the jets with R = 0.4, we cluster "fat" jets with
the anti-kT algorithm with R = 0.8. The hadronic Z candidate can thus be formed either from
the "resolved" R = 0.4 jets or through a fat R = 0.8 jet. The fat jets undergo "pruning" [121],
with parameters β = 1.0, zcut = 0.1 and rcut = 0.5 and the ratio of the observables "2-
subjettiness" to "1-subjettiness", τ21 is calculated for each jet [122]. For the fat jets that will
form Z boson candidates, Z fathad we require that τ21 < 0.6,m(Z
fat
had) ∈ (70, 105) GeV, pT (Z fathad) >
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170 GeV, and the distance from any lepton to satisfy ∆R(`, Zfathad) > 0.8. For the candidates
formed through the resolved R = 0.4 jets, Zreshad, we require m(Z
res
had) ∈ (40, 180) GeV and
pT (Z
res
had) > 100 GeV. We then choose the "best" candidate through the following procedure:
• If there exists a fat jet candidate with pT > 300 GeV and pT (``) > 200 GeV then it
takes precedence.
• Otherwise if there’s no merged candidate with precedence, move to the resolved jets and
pick the highest-pT one.
• If there are no resolved candidates, but there are fat ones, pick the highest-pT one.
Contrary to the analysis of [95], we do not impose any cut on the invariant mass of the ZZ
system. The final set of observables used in the BDT consists of: • the transverse momenta of
the leptons that form the leptonic Z boson candidate, pT (`1), pT (`2), • their invariant mass
m(``) and transverse momentum, pT (``), • their pseudo-rapidity distance ∆η = |η(`1)−η(`2)|
and • their distance ∆R =
√
∆η2 +∆φ2, • the invariant mass of the hadronic Z boson can-
didate, m(Zhad), • its transverse momentum pT (Zhad), • the transverse momentum of the
combined ZZ leptonic and hadronic candidates, pT (ZlepZhad), • the invariant mass of their
combination m(ZlepZhad), and • the distance between them, ∆R(Zlep, Zhad). As backgrounds
we consider those originating from the Z+jets events, ZZ, WZ, WW and tt¯. The Z+jets
backgrounds have been matched/merged via the FxFx method, whereas the rest are matched
via MC@NLO.
h → ZZ → (`): Events are considered if they contain four leptons with transverse momenta
satisfying, from hardest to softest, at least: pT (`1,2,3,4) > 50, 50, 30, 20 GeV. Further, events are
only accepted if they contain two pairs of oppositely-charged same-flavour leptons and these
are combined to form the Z boson candidates, with the constraint m(``) ∈ [12, 120] GeV.
If an event does not contain at least two Z boson candidates, it is rejected. In the case
of four same-flavour leptons, if there exist two viable lepton combinations, the combination
(`i`j)(`k`l) with the lowest value of χ2 = (m(`i`j)−mZ)2+(m(`k`l)−mZ)2 is chosen, forming
the candidates Z1 and Z2. We require that the combined invariant mass of the four leptons
satisfies m(`i`j`k`l) ∈ [180, 2500] GeV.
The final set observables consists of: • the lepton transverse momenta, pT (`1,2,3,4), •
the combined lepton invariant mass m(`i`j`k`l), • the transverse momentum of the two Z
boson candidates, pT (Z1), pT (Z2), • their invariant masses, m(Z1), m(Z2), • their distance
∆R(Z1, Z2), • the distance between the leptons that form the two candidates, ∆R(`i, `j) and
∆R(`k`l), • the invariant mass of the combined Z boson candidates m(Z1Z2) and • their
combined transverse momentum, pT (Z1Z2). We consider only the dominant backgrounds,
originating from non-resonant and resonant SM four lepton production, matched at NLO via
the MC@NLO method. In addition, we consider the LO gluon-fusion component of four lepton
production that originates from the resonant loop-induced production of two Z bosons, i.e.
gg → ZZ, deemed to be important at higher proton-proton centre-of-mass energies [123].
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Figure 11: The expected discovery (5σ, red dashes) and exclusion (2σ, blue dashes) cross
sections multiplied by the branching ratio of h2 → ZZ, at a 100 TeV proton collider with
an integrated luminosity of 30 ab−1, coming from the three analyses h2 → ZZ → 2`2ν (top
left), h2 → ZZ → 2`2q (top right) and h2 → ZZ → 4` (bottom). The expected 1σ and 2σ
variation bands are shown for the expected exclusion.
To obtain the best limit on σ(h2)×BR(h2 → ZZ), we pick the most constraining analysis
at each value of m2. This is in fact represented by the h2 → ZZ → (2`)(2ν) analysis in the
mass range we consider, as can be observed in fig. 11. A combination of the channels should
yield a more stringent limit, but we omit it in the absence of a full study of the correlations
between channels.
F.1.3 pp@100 TeV h2 →W+W−
For the analysis of theW+W− final state we follow the ATLAS analysis of [99] focusing on the
WW → (eν)(µν) final state. We require two oppositely-charged different-flavour leptons with
transverse momenta pT (`1,2) > 80, 60 GeV with combined invariant mass m(`1`2) > 60 GeV
and maximum pseudo-rapidity difference |η(`1)−η(`2)|. We veto events that contain additional
leptons with pT ≥ 15 GeV, with a probability of identifying the additional muons chosen to
be 0.95 and electrons 0.99. To reject the backgrounds originating from tt¯, we veto events
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containing b-jets with pT > 30 GeV. The b-jet tagging probability was chosen to be 0.8. We
also allow for the mis-identification of jets as leptons, with flat probability 5× 10−3. For the
events that pass the above constraints, we construct the transverse masses of the two Wi’s
(i = 1, 2) as:
mWiT =
√
2pT (`i)/pT (1− cos(φ`i − /φ)) , (F.3)
where pT (`i) are the lepton transverse momenta, /pT is the missing transverse momentum, φ
`i
and /φ are the azimuthal angles of the lepton i and the missing transverse momentum vector,
respectively. We require both of these observables i = 1, 2 to satisfy mWiT > 60 GeV. We also
construct an event transverse mass via:
mT =
√
(ET (``) + /pT )
2 − |~pT (``) +~/pT |2 , (F.4)
where the combined transverse energy of the leptons was defined asET (``) =
√|~pT (``)|2 +m(``)2.
The final set of observables consists of: • the lepton transverse momenta, pT (`1,2), • the
di-lepton transverse momentum, pT (``), • the di-lepton invariant mass m(``), • the distance
between the leptons ∆R(`1, `2), • their pseudo-rapidity distance ∆η = |η(`1)−η(`2)|, • theW
transverse masses mWiT , • the event transverse mass, mT , and • the magnitude of the missing
transverse momentum, /pT . As background processes we consider the SM WW , tt¯, ZZ, WZ
processes, simulated at NLO via MC@NLO and the W+jets process simulated via FxFx merging
at NLO.
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Figure 12: The expected discovery (5σ, red dashes) and exclusion (2σ, blue dashes) cross
sections multiplied by the branching ratio of h2 →W+W−, coming from the h2 →W+W− →
eνµν analysis, at a 100 TeV proton collider with an integrated luminosity of 30 ab−1. The
expected 1σ and 2σ variation bands are shown for the expected exclusion.
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We show the resulting expected (5σ, red dashes) and exclusion (2σ, blue dashes) cross
sections times branching ratio, σ(h2)×BR(h2 →W+W−), in fig. 12. The constraints obtained
through the h2 → W+W− → eνµν are comparable to those coming from the h2 → ZZ
analyses. These could be improved in future studies, e.g. by including hadronic decay modes
of the W bosons.
F.1.4 pp@100 TeV resonant Higgs boson pair production, h2 → h1h1
The non-resonant h1h1 final state has been investigated at a 100 TeV collider in [124]. Here
we investigate resonant pp → h2 → h1h1 production at 100 TeV. We focus on by far the
most sensitive final state, h1h1 → (bb¯)(γγ). Future studies may include other final states to
improve on this, see e.g. [125–127]. We require all jets (including b-tagged) to have transverse
momentum pT > 30 GeV and to lie within |η| < 3.0. We require the leading photon and
b-tagged jet to possess pT > 35 GeV. The b-jet tagging probability was set to 0.8, uniform
over the transverse momentum, as for the previous analyses. We require that the invariant
mass of the two b-jets lies in mbb ∈ [100, 150] GeV and that the invariant mass of the di-photon
system within mγγ ∈ [115, 135] GeV.
The final set of observables constructed for the BDT consists of: • the invariant mass of
the two b-jets, mbb, • the invariant mass of the di-photon system, mγγ , • the invariant mass
of the combined system of the two b-jets and the photons, mbbγγ , • the distance between the
b-jets, ∆R(b, b) • the distance between the photons, ∆R(γγ), • the distance between the two
b-jet system and the di-photon system, ∆R(bb, γγ), • the transverse momentum of each b-jet,
pT (b1, 2), • the transverse momentum of each photon pT (γ1), pT (γ2), • the transverse mo-
mentum of the two b-jet system, pT (bb), • the transverse momentum of the di-photon system
pT (γγ), the transverse momentum of the combined b-jet and photon systems, pT (bbγγ) and •
the distances between any photon and any b-jet, ∆R(bi, γj) with i, j = 1, 2. As backgrounds
we consider γγ+jets, γ+jets, by producing, respectively, γγj and γjj via MC@NLO, tt¯γγ via
MC@NLO, bb¯γγ and bjγγ at LO. We also consider backgrounds originating from single Higgs
boson production: bb¯h1, Zh1, tt¯h1, where we assume that the branching ratios possess their
SM values. We also consider the non-resonant part of h1h1 as a background, assuming that
the self-coupling maintains a value close to the SM value. In the case of discovery of a new
scalar particle, the full interference pattern should be considered in a more detailed analysis.
We leave this endeavour to future work.
We show the expected discovery (5σ, red dashes) and exclusion (2σ, blue dashes) cross
sections multiplied by the branching ratio of h2 → h1h1 in fig. 13. The magnitude of the
constraints is comparable to that of the gauge boson analyses.
F.2 Extrapolation of Heavy Higgs boson searches to 27 TeV
To obtain an estimate of the performance of a potential upgrade of the LHC to 27 TeV centre-
of-mass energy, we consider an extrapolation of the detailed analyses obtained in the previous
sections. We write the collider energy (E) dependence of the cross sections in the significance,
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Figure 13: The expected discovery (5σ, red dashes) and exclusion (2σ, blue dashes) cross
sections multiplied by the branching ratio of h2 → h1h1, coming from the h2 → h1h1 → eνµν
analysis, at a 100 TeV proton collider with an integrated luminosity of 30 ab−1. The expected
1σ and 2σ variation bands are shown for the expected exclusion.
given in Eq. F.1, as
S(E,L) = σS(E)L√
σB(E)L+ α2σ2B(E)L2
. (F.5)
To extrapolate the obtained limits through our detailed analyses to a different energy E′
and luminosity L′, we solve Eq. F.1 for σS(E′):
σS(E
′) =
S(E′,L′)
L′
√
σB(E′)L+ α2σ2B(E′)L′2 . (F.6)
Under the approximation that the impact of the analysis cuts remains the same between
100 TeV and 27 TeV, to obtain a limit on the signal cross section at the new energy E′ we
only need to determine the change in the total background cross section σB(E) → σB(E′)
with energy. We achieve this by assuming that the background cross sections scale in the same
way as either the gg → h2 process or a (hypothetical) qq¯ → h2 process. Since the analysis
cuts will emphasise regions of phase space in which the backgrounds behave similarly to the
signal, this should be a reasonable approximation. We assume that the gg and qq¯ scalings
provide the error estimate on this part of our extrapolation. In the derivation of the actual
limits, we use the one that provides the strongest signal constraints, so as to provide the "best
possible" performance of a 27 TeV machine.
The results for the 27 TeV extrapolation of the individual channels are shown in fig. 14.
The combined maximum was shown in fig. 7.
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Figure 14: The statistical significances for a heavy Higgs boson (h2) signal at a 27 TeV
collider with an integrated luminosity corresponding to 15 ab−1, for each of individual analyses:
pp → h2 → h1h1, pp → h2 → ZZ and pp → h2 → W+W−. We indicate the 2σ (exclusion)
and 5σ (discovery) boundaries by the black dashed and red dashed lines, respectively. Only
points that pass the current constraints ( ) or the HL-LHC constraints plus future signal
strength (| sin θ| < 0.1) constraints (N) are shown.
G Results for the alternative categorisation of parameter-space points
We present a selection of results for the alternative categorisation of "Tight" and "Loose"
points described in section 3.3, found during the parameter-space scans via PhaseTracer.
The results show that the "Centrist" and "Loose" categories behave in a similar fashion,
whereas the "Liberal" category of the first classification has no correspondence in the second
and allows for larger theoretical uncertainties.
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Figure 15: A selection of results for the "Tight" and "Loose" categorisations section 3.3.
Top left: The maximum value of ρmax = φC/TC over the set of eight variations for each
of the parameter-space points against the mass of h2, m2, top right: The branching ratio
of BR(h2 → h1h1) plotted against BR(h2 → ZZ) and bottom: the maximum statistical
significance for a heavy Higgs boson (h2) signal at a 100 TeV collider with an integrated
luminosity corresponding to 30 ab−1, taken over all the analyses. Only points that pass the
current constraints ( ) or the HL-LHC constraints plus future signal strength (| sin θ| < 0.1)
constraints are shown (N) are shown.
H Fine-tuning studies
Any parameter-space point has to contain a light Higgs boson, h1, close enough to 125.1 GeV,
if it is to be phenomenologically relevant. It is therefore reasonable to investigate whether the
introduction of additional interactions requires fine tuning of the parameters to achieve the
observed Higgs boson mass. To do this, we employ the Barbieri-Giudice measure [128] (see
also [129]):
∆ = max
i,j
∣∣∣∣∂ logOi∂ log pj
∣∣∣∣ = maxi,j
∣∣∣∣Oipj ∂Oi∂pj
∣∣∣∣ , (H.1)
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Figure 16: The value of the one-loop fine-tuning measure plotted against the one-loop mass
of h2, m2. Only points that pass the current constraints ( ) or the HL-LHC constraints plus
future signal strength (| sin θ| < 0.1) constraints (N) are shown.
for a set of observables Oi and a set of model parameters pj . One can roughly interpret the
logarithm of ∆ as the number of significant digits that need to be tuned in at least one of the
parameters of the theory.
We are interested in fine tuning in the Higgs boson mass and hence we consider derivatives
of the one-loop expression for O = m1 with respect to the relevant free parameters in this
case.
∆ = max
j
∣∣∣∣ pjm1 ∂m1∂pj
∣∣∣∣ . (H.2)
We consider this quantity for each of the parameter-space points and plot against the one-loop
value of m2 at renormalisation scale mZ . The derivatives have been calculated numerically.
The results are shown in fig. 16. It is evident that the parameter-space points that we
consider do not possess substantial fine tuning. This is in line with the tree-level studies of
ref. [129], where it was pointed out that it is possible to have a large hierarchy of scales in
theories with extended Higgs sectors, without having fine tuning.
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